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The effect of intentional surface oxide formation on band-edge photoluminescence (PL) of Ge
nanowires was investigated. Thermal oxidation in molecular O2 was used to produce a surface
oxide layer on assemblies of single crystal nanowires grown by the vapor-liquid-solid method.
With increasing oxidation of the wires, the band-edge PL associated with the indirect gap transition
becomes more intense. X-ray photoelectron spectroscopy confirms the formation of an increasingly
GeO2-like surface oxide under annealing conditions that enhance the indirect-gap PL, consistent
with surface oxide passivation of nonradiative recombination centers initially present on the
nanowire surface.VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4812334]
Nanoscale semiconductor structures such as quantum
wells and nanowires (NWs) have been used and studied
intensively for electronic and optoelectronic applications.1
Germanium (Ge) nanostructures are of particular interest
due to their high carrier mobilities, compatibility with
silicon-based integrated circuits, and the favorable bulk Ge
bandgap for photonic applications. This latter property pro-
vides motivation to investigate such nanostructures as
building blocks for light sources2 and detectors3,4 operating
at standard telecommunication wavelengths. Surface and
interface defects on large surface area-to-volume ratio Ge
nanostructures can trap and scatter carriers, limiting the
performance of such nanostructures in both electronic and
photonic applications. This prompts interest in methods to
study and passivate such defects, the subject of the experi-
ments reported herein.
Photoluminescence (PL) measurements of semiconductor
nanostructures can provide valuable information about their
electronic structure and interface characteristics.5 Several
groups have reported the observation of near-infrared (NIR) PL
from Ge quantum wells.6–10 Other studies have mainly con-
cerned visible PL from Ge nanocrystals embedded in various
oxide matrices, and the role of the defects at the nanocrystal/
matrix interface or in the matrix itself.11–16
In the case of Ge NWs, there are few reports of PL
detected for band-to-band transitions in such nanowires,17 due
to the difficulty of detecting emission from unpassivated Ge
NWs, which results from carrier trapping and nonradiative
recombination. Among these, coherently strained Ge core/
SiGe shell nanowires exhibiting strong and bulk-like band-
edge PL have been reported recently.18 Also, we have recently
observed near-infrared PL from freestanding Ge nanowires
originating from direct-bandgap recombination.19 Because the
direct bandgap radiative recombination rate is much greater
than indirect one, photogenerated electrons can recombine
radiatively via the direct bandgap and PL signal can be
detected via this process even for Ge NWs with unpassivated
surfaces. However, nonradiative recombination via surface
defects very effectively quenches PL from Ge NWs via the
slow, phonon-mediated indirect gap transition.19
Germanium forms a native oxide of somewhat
ill-defined composition when exposed to the air.20 A defec-
tive GeOx (suboxide)/Ge interface has “fast” interface states
(ps-ns response time) that will tend to quench radiative
recombination of photogenerated carrers.21–23 In contrast, a
GeO2/Ge interface provides a lower interface state density
than a Ge suboxide/Ge interface.21–23 Obtaining higher oxi-
dation states (e.g., Ge4þ) in the oxide layer requires breaking
additional Ge-Ge bonds, the rate of which can be accelerated
by thermal annealing.20,24,25 Here, we have used annealing
in O2 at moderate temperatures to control the state of oxida-
tion of the Ge NW surface and to correlate the surface oxide
stoichiometry with defect passivation using PL.
The Ge NWs were grown via a two-step growth process
previously described in Ref. 26. Gold nanoparticles with
40 nm diameter were drop cast from colloidal solution on
Si(111) (n-type dopant P, resistivity ranging from 1500 to
2500 Xcm) substrates. The samples were heated to 375 C
for 2 min for growth initiation and the temperature was low-
ered to 345 C for 20min. GeH4 diluted in H2 was used as a
precursor with a total pressure of 30 Torr and a GeH4 partial
pressure of 0.75 Torr.
Scanning electron microscopy (SEM) was used to char-
acterize the growth direction, diameter, and length of the Ge
NWs. The NWs are epitaxial with the substrate and follow a
h111i growth orientation. The Au catalyst particles were left
on the tips of the Ge NWs after VLS growth. Selective Au
etching27 after NW growth was not used, to avoid possibly
altering the sidewall surface characteristics of the wires. As
previously reported,28 the majority carrier (hole) concentra-
tion in these undoped Ge NWs is estimated to be about
1014 cm3. The nanowires are likely p-type as a result of the
acceptor character of Ge surface and interface states. SEM
images such as the one in Fig. 1 show that most of the Ge
NWs are vertically aligned on the Si (111) substrate with an
average diameter of 40 nm and an average length of
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6.5 lm. Quantum confinement effects are expected to be
negligible in these NWs because their diameter is larger than
the exciton Bohr radius (24 nm) of Ge.12
The PL setup consisted of a frequency-doubled Nd:YAG
diode-pumped solid-state laser, emitting continuous wave at a
wavelength of 532 nm (Spectra Physics Millennia Pro Laser)
to excite the samples. The laser beam was focused onto the
sample surfaces through a 10 microscope objective having a
0.26 numerical aperture. The incident laser power on the sam-
ple surfaces was varied between 10 and 40mW, resulting in
laser power density between 3 to 13W/cm2. The emitted
light was dispersed in a Spectra Pro 2750 spectrometer in the
wavelength range from 1100 to 2200 nm and collected by a
liquid nitrogen-cooled strained InGaAs detector.
Fast trap states associated with defects at the non-
stoichiometric Ge oxide/Ge interface29,30 will result in non-
radiative recombination of photoexcited carriers. These trap
levels are reported to have an energy level0.15 eV below the
middle of the Ge bandgap.31 Due to the existence of these trap
levels, the majority of photoexcited electrons in the L-valley of
Ge NWs undergo non-radiative recombination and no PL sig-
nal can be detected from them. Formation of GeO2 bonding in
the surface oxide may passivate21–23 these defects, removing
trap levels from the bandgap of Ge. This permits photolumi-
nescence of excited carriers by both direct and indirect
bandgap transitions. Because Ge is an indirect bandgap mate-
rial and the majority of electrons are excited into the L-valley,
if these carriers recombine radiatively, the detection of a
relatively intense indirect bandgap PL signal (at 1.77lm) is
expected. In the case of bulk Ge, the surface area-to-volume
ratio is small and trap-related surface effects are negligible.
Therefore, the PL signal from both indirect and direct bandgap
carrier transitions can be detected in bulk Ge.19,32
Figure 2 shows a comparison between PL spectra
detected from bulk Ge and Ge NWs with a native oxide
formed by intentional exposure to lab air over a period of
many days. Direct and indirect bandgap recombination peaks
have been fitted with a Gaussian function33–35 to show the
contribution of both transitions in the PL spectrum. The cu-
mulative fit peak of two fitted direct and indirect bandgap
peaks and experimental PL data have been intentionally off-
set along the vertical axis to make them more distinguishable.
It can be observed in Figure 2 that, for the Ge NWs with
native oxide, radiative recombination via both the direct and
indirect gap transitions contribute substantially, although the
contribution of L-valley electrons to the PL signal is some-
what less than for the bulk sample. Also, in the case of Ge
NWs, laser-induced heating produces a slight red shift for
both direct and indirect bandgap recombination PL
features.36–38 Both of the PL signals have been collected
under the same conditions, with 20 mW laser power.
We annealed as-deposited Ge nanowire samples similar
to the one in Figure 1 for different periods of time (30min,
1 h, 2 h, and 3 h) in oxygen at atmospheric pressure at 220 C.
A practical maximum annealing temperature for such experi-
ments is 361 C, the Au-Ge binary eutectic. Oxidation
annealing at temperatures much above the eutectic will result
in one-dimensional vapor-liquid solid oxidation of the Ge
NWs to produce GeOx NWs,
39 rather than the simple forma-
tion of a sidewall oxide passivation. A relatively low oxida-
tion annealing temperature was chosen in order to observe
gradual changes in Ge NW properties that could be correlated
with the change in stoichiometry of the surface oxide layer.
Figure 3(a) displays the NIR room-temperature PL spec-
tra of the Ge NWs annealed in oxygen for different periods
FIG. 1. SEM image of Au-catalyzed Ge NWs grown on a Si (111) substrate.
Analysis of this image gives an average diameter and length of the Ge NWs
of 40 nm and 6.5lm, respectively.
FIG. 2. NIR room-temperature PL signal from (a) bulk Ge and (b) Ge NWs
with native oxide. (The fitting and experimental data curves have been inten-
tionally offset along the vertical axis to make them distinguishable.)
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of time including the fresh nanowire sample. The PL meas-
urements were done at room temperature and the laser exci-
tation power was 30 mW. Increasing the oxidation time at
220 C results in a clear increase in the overall band-edge
photoluminescence and, in particular, increases the indirect-
gap feature (1750 nm) relative to the direct-gap feature
(1600 nm). To explain this behavior, the PL spectra have
been decomposed into two indirect bandgap transition and
direct bandgap transition components whose relative contri-
butions depend on the annealing time. As the exact shape of
the PL spectra is not known, we performed decomposition
into two Gaussian functions.33–35 Figure 3(b) shows the de-
pendence of the integral under those Gaussian peaks as a
function of the annealing time. It can be seen in Figure 3(b)
that within the error of fitting the peaks (which is estimated
to be between 1.5% and 5%) the integral under the direct
bandgap PL peak stays relatively constant while integrated
intensity from the indirect bandgap PL peak increases greatly
as the annealing time increases.
After 3 h of annealing at 220 C, the PL spectrum is
dominated by the indirect gap peak; therefore, we did not
anneal the nanowires further. The increasing ratio of the
indirect bandgap to direct bandgap recombination peak with
increasing annealing time (Figure 3(b)) suggests that this
behavior may increase further until the point is reached that
the oxide at the interface with Ge is entirely in the GeO2
form and cannot be further oxidized.
We also annealed several nanowire samples at 300 C
for up to 90 min, and we observed a higher intensity of band
edge photoluminescence PL signal as a result. No further
changes in the PL spectrum were detected after annealing
the NWs for longer periods at that temperature, suggesting
that oxidation of the Ge NW surface during the anneal rap-
idly passivates fast states near the oxide/Ge interface.
We also performed the same experiments on a Si (111)
wafer identical to the ones used as substrates for NW growth,
with the same measurement conditions to confirm that the Si
(111) substrate did not play any part in the observed PL from
the Ge NWs. The spectrum of the Si (111) substrate shows
no peaks other than one peak of wavelength consistent
with the crystalline Si indirect bandgap: 1.11 lm.
Therefore, the observed NIR PL in Figs. 2 and 3 originates
from the Ge NWs.
FIG. 3. (a) NIR room-temperature PL spectra of the Ge NWs, measured after
different durations of furnace annealing in oxygen at 220 C. (b) Integrated
PL peak intensities of the Ge NWs as a function of annealing time in oxygen
gas, measured at a nominal 300K. FIG. 4. Germanium oxide chemical states fitting analysis applied to the Ge
3d XPS spectrum of the oxide formed by furnace annealing at 220 C for
(a) 1 h and (b) 3 h.
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To confirm the further growth of Ge oxide on the nano-
wires and to determine stoichiometry changes that occur dur-
ing O2 annealing of wires with an initial native oxide
coating, we have performed X-ray photoelectron spectros-
copy (XPS), using Al(Ka) radiation (1486.7 eV) with a take-
off angle of 35. The sampling depth for this measurement is
estimated to be 2.9 nm, meaning that it likely probes both the
GeOx/Ge interface region and the oxide and Ge regions on
either side of the interface. Several studies have described
the oxidation conditions for formation of the various Ge sub-
oxide states.23,24 These results suggest that when Ge NWs
are exposed to air, the native oxide of Ge will form the
Ge2O3 (Ge
3þ) stoichiometry predominantly. This oxide state
will leave the germanium surface with some dangling bonds
that can trap carriers and promote their non-radiative recom-
bination. Annealing of Ge in molecular oxygen is expected
to promote the formation of an oxide with the Ge4þ oxida-
tion state (identified by a chemical shift De¼ 3.56 0.1 eV
with respect to the bulk contribution of the Ge 3d levels24,40).
If this oxidation reaction occurs primarily at the GeOx/Ge
interface, rather than at the oxide surface, a reduced interface
trap density should result,19–21 leading to more radiative
recombination of photoexcited carriers and stronger band-
edge photoluminescence.
Figures 4(a) and 4(b) show the peak fitting analysis for
the Ge 3d core level peak in an XPS spectrum collected from
a Ge NW assembly after 1 h and 3 h anneal in O2 gas at
220 C, respectively. Detailed analysis of the XPS results
shows that increasing the annealing time from 1 h to 3 h
systematically increases the intensity of the Ge4þ component
of the Ge 3d peak from 4.5% to 13.7%. This change is evi-
denced by the shift to higher binding energies observed in
the Ge oxide peak, as the annealing time increases from 1 h
(Fig. 4(a)) to 3 h (Fig. 4(b)).
These results confirm the increasing presence of GeO2
in the surface oxide layer as a function of the duration of the
low-temperature O2 anneal. The corresponding increase in
photoluminescence associated with the indirect-gap transi-
tion (1750 nm) suggests that the GeO2 growth occurs pre-
dominantly at the oxide/Ge interface, reducing the density of
interface trap states.
The findings of these experiments are summarized sche-
matically in Figure 5. Figure 5(a) sketches a comparison of
GeOx (native oxide)/Ge and GeOx/GeO2/Ge nanowire struc-
tures. The lower density of fast interface states in the latter
results in a higher rate of radiative recombination of photo-
excited carriers and consequently higher intensity of PL sig-
nal from indirect bandgap recombination. Figure 5(b) shows
a band diagram of Ge with the direct (C-valley) and indirect
(L-valley) bandgaps and the carrier recombination process
before and after the formation of GeO2 on the nanowires.
After the Ge NWs are illuminated by the excitation laser
beam, a majority of photogenerated electrons will populate
the L-valley and a minority the C-valley. This minority of
FIG. 5. (a) (Left) Ge oxide/Ge inter-
face with both relatively fast interface
traps (picoseconds-nanosecond time-
scale) and slower states (seconds
timescale) in the oxide; (right) GeO2/
Ge interface formed after oxidation
annealing of the sample, with a lower
density of interface states. Fig. (b)
Photoexcited carriers in the Ge band
diagram. (Left) non-radiative recombi-
nation of the majority of photoexcited
carriers occurs via trap levels existing
in the bandgap of Ge; (right) radiative
recombination of both L-valley and
C-valley electrons after the interface
trap density has been reduced by the
formation of GeO2.
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photoexcited carriers can recombine radiatively, producing a
relatively weak detectable direct-gap PL signal that is
approximately independent of the degree of surface passiva-
tion of the nanowires.18 However, the majority of excited
carriers in unpassivated Ge NWs will recombine non-
radiatively via interface traps. (Fig. 5(b), left). Annealing the
initially native oxide-coated NWs in O2 at moderate temper-
atures provides an electrically more-passive GeO2/Ge inter-
face that enhances the probability of radiative recombination
of the L-valley electrons (Fig. 5(b), right).
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